Abstract-This letter investigates the first-order characteristics of dynamic off-body communications channels at 60 GHz. In particular, we have studied signal propagation from a chest-worn millimeter-wave transmitter as an adult male walked toward and then away from a hypothetical base station. The mobile line-ofsight (LOS) and non-LOS (NLOS) channel measurements have been conducted in a diverse range of environments, including a hallway, an open office, an anechoic chamber, and an outdoor car park. In this study, we have decomposed the received signal into its path loss, large-scale, and small-scale fading components. The large-scale fading has been modeled using the gamma distribution, while the Rice and Nakagami-m distributions have been employed to describe the small-scale fading observed in the LOS and NLOS channel conditions, respectively. The results have shown that the estimated path loss exponents for the anechoic chamber and car park environments were greater than those obtained for the hallway and open office environments for both the LOS and NLOS walking scenarios. Across all environments, it was found that the gamma distribution provided an adequate fit to the large-scale fading. Additionally, the Rice and Nakagami-m distributions were found to well describe the small-scale fading for the LOS and NLOS walking scenarios, respectively. Index Terms-Large-scale fading, millimeter-wave (mm-wave) communications, off-body communications, path loss, small-scale fading.
I. INTRODUCTION
R ECENTLY, much interest has been generated toward the use of millimeter-wave (mm-wave) technologies for bodycentric and wearable systems [1] - [6] . Advancements in this area mean that it will soon be feasible to use operating frequencies in the 59-66-GHz range to provide high bandwidth capabilities for these applications. Operating wearable systems within this part of the mm-wave spectrum will be attractive for many reasons, not least due to the small size of antenna that can be used [2] , the lower interference, and much greater frequency reuse that can be achieved over smaller areas [5] compared to competing microwave technologies. The characteristics of the on-body channel at 60 GHz have been studied in [2] and [3] . In [2] , it was shown that the choice of antenna polarization is of great importance, and its impact is significantly influenced by the separation distance between the antenna and the body. In [3] , the path loss and temporal fading were studied for differing polarizations. The authors found that the received signal often deviated significantly from its fitted path loss model irrespective of polarization. They also adopted a Gaussian distribution to characterize the temporal fading observed in on-body links at 60 GHz and subsequently derived a model for the standard deviation. Similarly, an off-body propagation model at 60 GHz was developed using theory in [6] and validated using empirical measurements. In [6] , the path gain was considered for varying angular orientations of a human subject while maintaining a fixed separation distance between the transmitter (TX) and receiver (RX). Although these studies have made important contributions to our understanding of the mmwave on-and off-body communications channels, they have only considered scenarios where the person has been stationary or made dynamic movements at a particular location.
Against this background, the contributions of this letter may now be highlighted as follows. For the first time, we investigate the first-order statistical characteristics of off-body communication channels operating at 60 GHz when a hypothetical user walks toward and away from a base station. These truly mobile measurements allow us to simultaneously record the path loss, large-scale, and small-scale fading to provide a detailed description of the channel. Furthermore, we perform our measurements over a diverse range of operating environments (both indoor and outdoor) to ensure the generality and applicability of our analysis. Finally, we employ well-known fading models to characterize the signal fluctuation in line-of-sight (LOS) and non-LOS (NLOS) conditions that allow the channels presented here to be readily reproduced.
II. MEASUREMENT SYSTEM AND EXPERIMENTS
The experiments conducted in this study were all carried out in the European (59-66 GHz) unlicensed Industrial, Scientific and Medical band at an operating frequency of 60 GHz. The measurement system consisted of a Hittite HMC6000LP711E mm-wave TX module and Hittite HMC6001LP711E mm-wave RX module, both containing on-chip, low-profile antennas. The in-package antennas offer +7.5 dBi gain with a maximum 1536-1225 © 2017 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications standards/publications/rights/index.html for more information. equivalent isotropically radiated power (EIRP) of +21.1 dBm. 1 The TX unit was configured to deliver a continuous wave signal operating at 60.1 GHz using the maximum EIRP. The 60-GHz TX was then positioned on the front-central chest region of an adult male of height 1.83 m and mass 78 kg so that the antenna was parallel to the body surface. The TX was secured to a harness worn by the test subject using a small strip of Velcro (approximately 6 mm from the body surface). The measured free-space and bodyworn azimuthal radiation patterns are given in Fig. 1 . As shown in Fig. 1 , due to the interaction between the human body and antenna, the antenna radiation pattern was slightly distorted when the unit was placed on the human body, but interestingly, the forward gain was not significantly affected. Queen's University Belfast, U.K. The indoor environments featured metal-studded dry walls with a metal tiled floor covered with polypropylene-fiber, rubber-backed carpet tiles, and metal ceiling with mineral fiber tiles and recessed louvered luminaries suspended 2.70 m above the floor level. The open office area contained a number of soft partitions, cabinets, PCs, chairs and desks. The anechoic chamber measurements were conducted in the structure described in [7] . The outdoor measurements were performed in an open car park adjacent to the ECIT building. It should be noted that all of the environments were unoccupied for the duration of the measurements to facilitate pedestrian free off-body channel measurements.
In this study, we considered two different channel conditions, namely 1) mobile LOS, and 2) mobile NLOS, where the test subject walked toward and away from the hypothetical base station in a straight line, respectively. Due to the dissimilar sizes of each environment, the considered walking distances were different. These were hallway (14 m), open office (9 m), anechoic chamber (7 m), and car park (49 m). It should be noted that only first 5 m of the NLOS measurement data in the car park was used in our data analysis due to the received signal power regularly extending below the noise threshold of the receiver beyond this point. The difference between the corresponding lowest recorded signal power and the average noise threshold for each environment are given in Table I . The minimum dataset sizes utilized for our analysis consisted of 1982, 1365, 1020, and 474 samples for the hallway, open office, anechoic chamber, and car park environments, respectively. The average walking speed maintained by the test subject throughout all of the experiments was approximately 0.8 m/s.
III. DATA ANALYSIS
The path loss, large-scale, and small-scale fading are mainly responsible for shaping the characteristics of the received signal in wireless communications channels. The path loss is a measure of the signal attenuation between the TX and RX as a function of the separation distance and can be expressed as [8] 
where P 0 represents the path loss at the reference distance d 0 , n is the path loss exponent that indicates the rate at which the path loss increases with distance, and d is the TX-RX separation distance. To obtain estimates for P 0 and n, we first removed the EIRP and gain at the RX from the raw signal power received by the VNA and then performed linear regression available in MATLAB. To this end, the elapsed time was first converted into a distance based upon an estimate of the test subject's velocity, i.e., time was mapped into distance. The reference distance, which should be in far-field region of the antenna, was 1 m for all environments. The gamma distribution has been widely used to describe large-scale fading because of its excellent fit to empirical data and its mathematical tractability [9] . Letting Z represent a gamma random variable that is used to model the large-scale fading, the corresponding cumulative distribution function (CDF) can be expressed with the shape parameter α and scale parameter β as follows:
where Γ(·) is the gamma function and γ(·, ·) is the lower incomplete gamma function. The Rice and Nakagami-m fading models have gained widespread use to describe small-scale fading for the LOS and NLOS channel conditions, respectively [10] . The CDF of the signal envelope, R, in a Rice fading channel can be expressed as follows:
where Q 1 (·) denotes the Marcum Q-function and s and σ are the noncentrality and scaling parameters, respectively. From the parameters s and σ, we can obtain well-known K factor that is defined as the ratio between the power in the dominant component (s 2 ) and the power in the scattered component (2σ 2 ). In a Nakagami-m fading channel, the CDF of the signal envelope, R, can be expressed as
where m is the fading severity parameter and Ω = E r 2 is the mean power with E [·] denoting the expectation operator.
IV. RESULTS

A. Path Loss
The parameter estimates for P 0 and n over all of the considered environments are given in Table I along with the body shadowing factor (BSF) that is defined as the difference between P 0 for the LOS and NLOS scenarios. As an example, Fig. 3(a) and (b) shows the path loss model fits for the LOS and NLOS in the hallway environment, respectively. As anticipated, for all of the environments, P 0 for the NLOS case was greater than that for the LOS due to the shadowing effects caused by the test subject's body. When comparing the corresponding BSF for all environments, the body shadowing effects were more predominant in the anechoic chamber and car park environments than those observed in the hallway and open office environments. For both the LOS and NLOS scenarios, the estimated path loss exponents for the anechoic chamber and car park environments were greater than those for the hallway and open office environments. This was presumably due to the additional multipath present in the latter environments, which may have helped to mitigate the shadowing introduced by the body for the NLOS scenario.
B. Large-Scale Fading
To abstract the large-scale fading from the received signal power, the estimated path loss was first removed from the measurement data using the path loss parameters given in Table I . Then, the local mean was calculated by averaging over a distance of ten wavelengths (or equivalently seven samples). The parameter estimates for the gamma fading model were obtained using maximum likelihood estimation (MLE) performed in MAT-LAB. Fig. 3(a) and (b) shows the large-scale fading overlaid on the received signal power for the LOS and NLOS in the hallway environment, respectively. As an example of the model fitting obtained for the large-scale fading, Fig. 4 shows the CDFs of the gamma distribution fitted to the empirical data for the LOS and NLOS walking scenarios in each environment. It is clear that this probability model provides an adequate agreement with the measured data for all of the considered cases. 2 To allow the reader to reproduce their own simulated large-scale fading data based on the empirical data reported here, Table I provides the parameter estimates for the gamma distribution over all four environments. Reviewing Table I , it is clear that the α parameter for the LOS large-scale data was greater than that for the NLOS, suggesting that the off-body channel for the LOS walking scenario was less susceptible to variations caused by large-scale fading compared to the NLOS case. 
C. Small-Scale Fading
The small-scale fading was extracted by removing both the path loss and large-scale fading from the measurement data as detailed above before transforming the data to its linear amplitude. Similar to the large-scale fading, the parameter estimates for the Rice and Nakagami-m fading models were obtained using MLE. Table I shows the parameter estimates for the Rice and Nakagami-m fading models for the LOS and NLOS walking scenarios, respectively. As expected, the K factor for the LOS case was greater than unity for all of the considered environments indicating that a strong dominant signal component existed. When comparing the K factors across all four environments, the K factors for the anechoic chamber and car park environments were larger than those for the hallway and open office environments. This was most likely due to the varying levels of scattered signals found in each environment. As shown in Table I , the scattered signal power (2σ 2 ) for the hallway and open office environments was greater than the anechoic chamber and outdoor car park environments, while the dominant signal power (s 2 ) was almost the same for all of the environments. As shown in Table I , the m parameter estimates were greater than unity for all of the environments. This indicates that the fluctuations of the signal envelope observed in NLOS scenarios were less severe than those experienced in Rayleigh fading channels (m = 1).
As an example of the model fitting for the small-scale fading, Fig. 5 shows the excellent fits of the Rice and Nakagami-m fading models to the measurement data for the LOS and NLOS cases, respectively.
3 Interestingly, the shape of the CDFs for the anechoic chamber and car park environments (less multipath) were significantly different between the LOS and NLOS orientations. Specifically, the shape of the CDF for the LOS case was much more constricted (in fact, the small-scale fading becomes increasingly deterministic) than that observed for the NLOS condition. This suggests that LOS channels in sparse environments will not suffer from significant fluctuations due to small-scale fading. 
V. CONCLUSION
The first-order characteristics of dynamic off-body communications channels at 60 GHz within indoor and outdoor environments have been investigated in terms of path loss, large-scale, and small-scale fading when the bodyworn node was positioned on the front-central chest region. From the estimated path loss at the reference distance, it was found that the impact of body shadowing on the off-body link was more pronounced in the anechoic chamber and car park environments, where there existed less opportunities for multipath signal propagation compared to the hallway and open office environments. Over all of the measurement scenarios considered in this study, the gamma distribution was found to well describe the large-scale fading. Furthermore, the Rice and Nakagami-m distributions provided a good fit to small-scale fading observed in the LOS and NLOS off-body links, respectively.
